In order to demonstrate the usefulness of the supervisory control theory (SCT) in manufacturing systems, an educational test-bed that simulates an automated car assembly line has been built using LEGO blocks. Finite automata are used for modeling operations of the assembly line, and for the specifications that accomplish the task of successfully completing the assembly repeatedly. We use supervisory control techniques for automatically deriving a supervisor that enforces the specifications while offering the maximum flexibility of assembly. Subsequently a controller is extracted from this supervisor for the purpose of implementing the control by selecting, when possible, only one controllable event from among the ones allowed by the supervisor.
Introduction
Discrete event systems (DESs) evolve in response to events that are spontaneous, instantaneous, asynchronous and thus discrete in nature. They have been examined in [2, 31. A DES to be controlled, also called a pZant, is modeled by a finite state machine (FSM) and can equivalently be described by a language model. The specifications which express the constraints that one wishes to impose on the plant's behavior are modeled as formal languages as well. Supervisory control theory (SCT) proposed by can be used for the task of controller design for the plant, since the supervisor obtained using it, is always guaranteed to meet the control specifications. These concepts have been demonstrated in an educational test-bed , shown in Figure 1 , built using LEGO blocks for performing an assembly process. While setting up the assembly line, the one built at the University of Massachusetts, [l] served as a prototype. No testing of the control code obtained using SCT is needed, since the method of construction of these controllers guarantees their correctness. This eliminates the time spent in checking the code for incorrect operation sequences.
Expensive mechanical safeguards which are installed in the system can be reduced owing to the fact that unsafe behavior in the system will be avoided when the controllers are designed using a FSM model based approach provided by SCT.
Many manufacturing systems operate in similar configurations, hence the models developed for one system can be altered for use in another context. The control code development time in a new system can be considerably reduced.
Notation and Preliminaries
We use X to denote the finite set of events over which a DES evolves. The set of plant events is partitioned into two disjoint sets &, the set of all controllable events, and X u , the set of all uncontrollable events. A controllable event is one which can be allowed to occur or prevented from possibly occurring by an external agent, 'whereas no such control is possible for an uncontrollable event.
A concatenation of finite number of events forms a string of events or a truce. A language is a collection of traces. Let C* be the set of all strings (traces) of events of E including the empty string E . A Zangzlage is thus a subset of E*. Abstractly, a discrete event system can also be viewed as a state machine, G = (X, C, 6, XO, X m ) , where X is the set of states, C is the set of events, b : X x C -+ X is the partial state transition function, 20 E X is the initial state, and X, C_ X is the set of marked or final states. The generated behavior of the discrete event system modeled by G is described by its generated language, L(G). The generated Zanguuge of G is the set of all traces that it can execute starting from its initial state. The marked of L, contains those generated traces which terminate in a final state and signify task completion.
Synchronous composition [2]
of state machines is used to represent the concurrent behavior of two DESs.
Given two deterministic state machines S I := (Xl,Cl,S1,20,1,Xm,l) and S2 := (X2, .Z2,62,20,2,Xm,2), composition of SI and S 2 denoted S1llS2 := (X,I=,6,zo,X,>, is defined as: X := X,J x X m , 2 , and for each 2 = (~1 , z 2 ) E X and IT E C: A supervisor, denoted S, is a map S : L(G) -+ 2' "' -that determines the set of controllable events S(s) 2 (C -C,) to be disabled after the occurrence of trace s E L(G). Events not belonging to the set S(s) remain enabled at trace s. In particular, the uncontrollable events remain enabled. A supervisor thus restricts the behavior of the plant. Since synchronous composition also results in behavior restriction, the action of control may also be achieved by taking a synchronous composition of plant automaton G and supervisor automaton S. Then the supervised system is represented by the automaton GJIS. Since S must never prevent any feasible uncontrollable event from happening, the following should hold: -A controller we design, further restricts the behavior of the plant, with the property that it permits the execution of only one controllable event following each trace, whenever at least one such event is permitted by the supervisor. As with a supervisor, the uncontrollable events remain enabled under the control of the controller.
Description of LEGO Assembly Line
The miniature LEGO assembly line performs a simple press assembly of a roof and chassis piece which are shown in Figure sections: chassis, roof, press, unloading, and a transporter which links all the sections together. Initially a chassis piece is manually loaded onto the chassis loader attached to the chassis conveyor, and a roof piece on the roof loader. To initiate the assembly process the transporter positions itself in front of a dock onto which the chassis conveyor delivers the chassis piece. This piece is pushed off the dock by a chassis pusher mechanism and onto the waiting transporter, which then moves to the roof section where a similar series of actions are' performed. These two parts, with the roof piece on top of the chassis piece, are then transported to the press section where they are press fitted together. Finally the assembled part is moved to the unloading section by the transporter, where it exits the assembly line through the unloading section conveyor and pushing mechanisms.
The miniature factory is made entirely out of LEGO blocks and contains 8 sensors and 9 motors. The set of input events which control the motor actions forms the set of controllable events, whereas the set of output events which are generated by the sensors forms the uncontrollable events set.
The factory is controlled by one personal computer, which is interfaced with the assembly-line through a LEGO Control Lab Interface Box which monitors sensor values and energizes outputs. The overall logic of the plant is controlled through the Control Lab Software which is written in a special version of the "Logo"
programming language, called Control lab. Control of the assembly line is done using LEGO commands obtained from the controller designed using supervisory control.
Plant Models
The plant is modeled using finite state machine (FSM) models. We do not model failures, and all events are considered to be observable. The plant model is composed of individual models for the transporter, chassis, roof, press and unloading sections. We discuss the FSM model of the transporter in some detail. Owing to space limitations, the automata model figures of the other sections, as well as the control specification models have not been shown, and can be obtained from the authors on request. To obtain the overall behavior of the plant, a synchronous composition of the different subsection FSM models is taken.
Transporter (Fixture Slide) Section
This forms the backbone of the entire assembly line. Parts are transported from one assembly section to another via the transport mechanism, which essentially consists of a fixture that is connected to one end of a rack that is moved by a pinion powered from a gear box motor, M1. An angle sensor, A5, mounted on the same shaft as that of the pinion, counts off the number of rotations of the axle through it, in order to determine the position of the fixture. The FSM model of the transporter is given in Figure 3 . Initially the transporter is r Figure 
Chassis Section
The chassis conveyor conveys parts to its docking area. The chassis dock acts as a buffer with a capacity of one part. Parts are pushed off the dock by a chassis pusher, onto the empty fixture attached to the transporter. The touch sensor T2, monitors the retracted position of the pusher, while presence of part on the chassis dock is sensed by the light sensor L6. The chassis section model consists of two automata models. A 15 state automata models the behavior of the plant events in the chassis section. An additional 2 state automata is shown to indicate that, owing to mechanical considerations, it is not possible for the chassis,pusher to advance unless the transporter slide with the M u r e is stationed in front of the chassis station's loading dock.
Roof Section
It functions in a manner similar to the chassis section, and is modeled by a 15 state automata. 
Press Section
The pressing of the roof and the chassis is done by releasing a weighted LEG0 block onto a properly positioned transporter carrying the roof-chassis combination. The mechanism is controlled by a press pusher and winding motor. Initially the pusher is advanced so that the weighted block is suspended at a certain height. When the pusher retracts the weight descends and presses the pieces together. After this the pusher is advanced again so as to mesh with the winding motor gears, which when switched on raises the block up again. The retracted position of the pusher is monitored by touch sensor T1 and the raised position of the weighted block by another touch sensor T4. The FSM model of the press section has 23 states.
Unloading Section
The unloading conveyor conveys parts that are pushed onto it by the unloading pusher. There is a light sensor LS, for monitoring the retracted position of the pusher. Owing to mechanical considerations it is not possible for the unloading pusher to advance unless the transporter slide with the fixture is stationed in front of the unloading station's loading dock. The unloading section is modeled by automata with 8 states.
Safety Specification Models
Since the safe operation of the plant is mainly concerned with the safe enablement of controllable events, many of the models are drawn considering a particular output being on or off. There are a total of sixteen safety specifications for the entire plant model.
Global Safety Specifications
Specifications which are are related to multiple sections, and are called global specifications. They are:
1. Global safety specification 1, K1 This pertains to the chassis section and to the transporter. The chassis pusher M3 should not advance if the transporter is not at the chassis section i.e. A5 = 80.
Global safety specification 2, K2
It pertains to the roof and transporter sections, and is similar to K1.
Global safety specification 3, K3
This pertains to the press section and to the transporter. The transporter M1 should not move if the press is lowered i.e. T4 off.
Global Safety specification 4, K4
This pertains to the unloading section and to the transporter. The unloading pusher M8 should not advance if the transporter is not in the homejunloading position A5 = 0.
Global safety specification 5, K5
This pertains to the press section and to the transporter. The press pusher M6 should not move back if the transporter is not under the press section A5 = 21.
Global safety specification 6, K6a, K6b
This pertains to the press section, the chassis section and to the transporter. The transporter M1 should not move unless the retracted signals from the chassis pusher T2 and the unload pusher L8 are received.
Local Safety Specifications
Specifications regarding the safety required for the operation of individual sections, and are called local specifications. These and are listed below:
Local safety specification 1, K7
This pertains to the chassis section. If the chassis pusher T2 is not retracted, the chassis conveyor M2 cannot be switched on, and the chassis pusher M3 be prevented from turning off.
Local safety specification 2, K8
This pertains to the chassis section. If the chassis pusher motor M3 is on, the chassis conveyor M2
may not be switched on and vice versa.
Local safety specification 3, K9
This pertains to the chassis section. If there is a part on the chassis dock L6, then the chassis conveyor M2 should be switched off. On the other hand when there is no part on the dock then the chassis pusher M3 should not be switched on.
Local safety specification 4, K10
This pertains to the roof section. If the roof pusher T3 is not retracted, the chassis conveyor M4 cannot be switched on, and the roof pusher M5 be prevented from turning off.
Local safety specification 5, K11
It pertains to the roof section and is similar to K8.
Local safety specification 6, K12
It pertains to the roof section. It is similar to K9.
Local safety specification 7, K13
This pertains to the press section. If the press pusher motor M6 is on in either.direction, the press winding motor M7 may not be switched on and vice versa.
Local safety specification 8, K14
This pertains to the press section. The winding motor M7 should be stopped if the press up signal T4 exists.
Local safety specification 9, K15
This pertains to the transporter. Backward motion of the referenced transporter M1 is not permitted if the angle sensor reads A5 0 rotations, i.e., when it is in its initial state.
Local safety specification 10, K16
This pertains to the transporter. Forward movement of the referenced transporter M1 is not permitted if the angle sensor reads A5 80 rotations, i.e., it is at the chassis section.
Progress Specification Models
The progress specification governs the way in which the assembly of the automobile is done in the plant. It is represented by the specification language K17 representing an overail cyclic task, and has only one state marked, the initial one, indicating that the final and initial positions are the same and that the cycle can repeat indefinitely. The overall progress specification K17 is broken down into four sub-tasks: 2. Move the transporter to the roof section and start roof operations (sub-task ST2). These are similar to sub-task ST1, at the chassis section.
3.
Move the transporter to the press section and start press operations (sub-task ST3). The press section needs to perform the following sequence of operations: Wait for the transporter to reach the press section (31, then wait for sensor T1 to be turn on (pPup), and finally wait for T4 to turn on, indicating that the press is raised (wPup).
4.
Move the transporter to the unloading section and start unloading operations (sub-task ST4). The unloading Cection needs to perform the following sequence of operations: Wait for the transporter to reach the unloading section ( I ) , then wait until light sensor L8 turn on (pUup), indicating that the unloading pusher is retracted.
Supervisor Synthesis, Controller Extraction
The procedure followed for the design of a controller for the LEG0 assembly line is illustrated in Figure 5 . For the purpose of supervisor synthesis a synchronous composition of all plant sub-models may be taken yielding an overall model with a state space of size around one million states. Proceeding in a similar fashion for the specifications, we can obtain the overall specification model as well. Checking controllabifity and relativeclosure of this overail specification model against such a large plant model is cumbersome, and hence we proceed by applying a modular approach [4] . Under this approach, given two controllable and relative-closed spec- In order to manage the computational complexity, we use the following modular approach to verify the controllability and relative-closure of the conjunct of all , --~ safety (K1 -K16) and progress (K17) specifications.
First we verify the controllability of individual safety specifications against the relevant portions of the plant. For example, the fist local safety specification K 7 concerns the operation of the chassis section. So we verify its controllability against the model of the chassis section only, which has 30 states. Since K 7 has 2 states, the complexity of this verification is O(60). Proceeding in a simil? fashion the controllability of other local safety specifications is verified. Next, for each global safety specification which involves more than one section, we use the synchronous composition of the FSM models of the relevant sections as the plant model and perform the controllability test. Since the individual safety specifications are controllable and prefix-closed we conclude that their intersection is also controllable and prefix-closed (as noted above non-conflicting property is always satisfied by prefix-closed specifications).
It remains to verify the controllability and relativeclosure of the progress specification K17, and its nonconflictingness with respect to the intersection of all the safety specifications K := n:z:,Ki. Since the plant marking is determined solely by the progress specification, Lm(
i.e., K17 is relative-closed. We establish the controllability of K17 ,by viewing it as a cyclical concatenation of the four sub-tasks. The first sub-task starts in the initial.state of the plant and upon completion sends the plant to a final state, which can be treated as the initial state of the second sub-task. We verify the controllability of each of the subtasks against the relevant portion of the plant which is appropriately initialized and terminated. This lets us perform the controllability test of the progress specification modularly, where modularity stems from the sequential (as opposed to parallel) decomposition of the progress specification.
Next we establish that the intersection of the safety specifications K := n:zlKi and the progress specification K17 is non-conflicting. We observe that the progress specification never violates any of the safety, i.e., K = fl, which also implies K17 K = E.
These automatically give us the non-conflictingness property since, K17 r l K = K17 = K17 n K .
Finally we are interested in obtaining a controller for the supervised plant. One particular controller candidate, having 49 states, is shown in Figure 6 . It is obtained by selecting at most one controllable event, when possible, from among the ones allowed by the maximally permissive supervisor. All feasible uncontrollable events remain enabled in the controller just as they do in the supervisor. Note that at any stage of the assembly process the controller enables at most one actuator (controllable) event to occur, and then waits for the response of the system in the form of a sensor (uncontrollable) event. This procedure is repeated until the task specified by the progress specification is completed while always operating in the safe region. The controller chosen for implementation is translated into LEGO commands in a direct way, as there exists a one-to-one correspondence between controller transitions and the actuator commands to be executed or the sensor inputs to be monitored.
Conclusion
A miniature assembly line built from LEGO blocks has been used for implementing supervisory control algorithms. Supervisors and controllers have been derived from it, which by their method of construction are guaranteed to be correct. This approach is a generic one and can be applied to DESs which are modeled as FSMs.
